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% ABSTRACT
] The significant factors affecting bonding impedance at
] high frequencies are examined and the reactance of the bonding
E structure is shown to be the ma.or contributor. Resonant
effects caused by stray capacitances are examined and an § }§
2
3 equivalent circuit is presented to explain the experimentally — - g 1 .
Sbserved variation with frequency of the bonding impedance. % v
Several techniques for the reduction of bonding impedance g é
E S
are described and experimentally evaluated. é 5
E
3 2t
3 A technique for continucus visual display of bonding f §
impedance versus frequency is presented and its suitability é E
z T
: for field use is noted. i
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1. Introduction L

The electromagnetic isolation of electronic equipments is
basic to the reduction of interference. Isolation is normally
obtained through techniques involving shielding, grounding,
and filtering. In each of these techniques the "bond" or
electrical reference between components, ascemblies, eguip-
ments, or an entire complex is of paramount importance. To
be effective, the bond should exhibit a negligible impedance
sc as to establish each elt "%“romagnetically exposed element
at a neutral or "ground" reference potential. The usual
criterion for Jjudging bond effectiveness is based on the
measured impedance of the tond over a particular frequency
range. For example, MIL-B-5C87A specifies that the bond im-
pedance must be no greater than 80 miiliohms for any frequency
below 20 MHz.

Except for fairly recent studies, most of the emphasison
bonding and grounding has been concentrated at dc and low
frequencies. A literature survey conducted by Georgia Techl
has revealed some 477 sources =f information which wers more
or less directly concerned with bonding at low freguencies.
More recent studies have dealt with the rf characteristic52 of
bonds as well as ins’crumen‘c,s3’ll for evaluating the quality of
a bond. Grounding concepts as they apply to propagation, power
systems, .nd lightning protection have also been fairly well

5,6
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The work reported here has been concerned with the identi-
fication of those factors which permit the rapid assessment of
bonding impedances in laboratory as well as in field installations.
Although some consideration was given to the low frequency behavior
of bonding impedances, by far the larger amount of effort was ex-
Pended in the investigation of bonding impedances at frequencies in

the 1 MHz to 200 MHz range. Methods of bonding impedance reduction

were examined and several techniques for lowering this impedance

over certain frequency ranges were studied.
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2. Discussion

; 2.1 System of Measurement of Bonding Impedance

Two methods are generally used to measure the

impedance of e bond at RF frequencies. In the first method,

the unknown bonding impedance is made an integrsl part of a

i resonant deviece, such as a cavity or resonant circuit, and
the effect of the impedance on the Q of the resonant device
is observed. By noting the reduction in Q when *he bond is

connected to the resonant device, the unknown impedance can

be approximated. In the second method, the unknown impedance

is used as the shunt element of a "IT" aittenuator. If the

B

"m kg, Wt m-.-%maﬁ,

attenuator is connected between a source and load of known

anf
}

impedance, the resulting insertion loss of the attenuator

e,

at

can be simply related to the magnitude of the unknown

s e L S B A R AN e T LD e L ey

bond impedance.

The insertion loss technique was selected as the more
appropriate method for measuring the impedance of practical
bonding straps. This selection was motivated primarily by

two factors. First the Q degradation method requires the

KA B AR b s s

s

adjustment of the bonding structure to a resonant condition
at each frequency et which the impedance is to be measured,
and second, the physical arrangement of many bonding structures

makes them very difficult to incorporate into the necessary

ARG BRI KRS

resonanc arrangement without introducing appreciable error

in the measurement by means of the connecting impedances.




The insertion loss method has neither of these disadvantages.
It provides a straightforward means which is inherently in-
sensitive to small variations in the connection impedances in
connecting the unkaown impedance to the measurement system. In
- addition it does not require continuous adjustment when making
measurements over a wide range of frequencies.

The insertion loss technique used in obtaining the bonding
impedance data contained in this report is a modification of the
technique reported in U. S. Naval Air Development Center report
number ADC EL~172:§6:d4§i£h‘tiis modified arrangement useful dats
was obtained on impedances'whose magnitudes ranged from 10.6 to
103 ohms and at frequencies ranging from 10 KHz to %OO MHz.

Figure 1 is an equivalent circuit of an impedance measure-
ment device, operating on the insertion loss principle, which
was designed to operaﬁe in a coaxial system. Two isolation
resistors, Rl and Ré;’ﬁ?éfﬁIaced in series with the connections
to an unknown impedance forming a "T" network. As long as
the connection impedances Toy? rCE’ er, oy wly, and umé are
small with respect to the isolation resistance, their offect
on the circuit is negligible. In actual practice, the isolation
resistors are chosen to be large with respect to the unknown
impedance as well as the ccnnection impedances over a frequency

range as wide as possible . -

4ssuming that the isolation resistor, R,, is large with

1

respect to T +r + jwL. + Z, the input current, Ii’ is given

Cl c2 1

by

b ERD DI OGP
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If the bord impedance is small with respect to R2, all of the
input current will flow through Z and develop a voltage drop

across Z. This drop is.

y, =8 . (2)

The circuit to - the left of -nd including Z may be replaced

by its Thevenin equivalent with an open circuit voltage of

VZ and an dimpedance of Z. If, as vefore, the isolation

resistor, Re, is large with respect tox'c3 +rCh + jumé + 7

the output current, Io’ is

assuming operation into a 50 ohm load impedance.

?he output, Eout’ is then

50 v,
Pout “F, 750 (4)

Substituting the expression for V, from (2) gives

Z

(50)(E,  Z)
Eout = R (R, + 50) (5)

P

Rre—

g R




or

Eout

E,
in

i Rl(RE + 50)

50

s (6)

|z|

which directly relates the bonding impedance magnitude to the
insertion loss through the network.

In order to simplify the process of calculating the honding
impedance corresponding to a measured value of innertion loss,
Equation (6) has been expressed in the form of th: nomogram of :
Figure 2. Lines on the nomogram are shown for thiee different
values of isolation resistors. "The impedance corresponding to
a particular value of insertion loss is determingd by finding
the loss value on the abeissa and relating it to the bond im-
pedance value at the intersection of the los§ value and the line
for the particuler value of isolation resistor being used.

For example, an insertion loss of 40 db corresponds to &

1 ohm bond impedance if the test Fixture has 50 ohu isolation

resistors.

2.2 Contact Impedance of Bonds

The insertion loss measurement technique was usea to
study the contact impedance of bonds constructed with different
materials. Figure 3 shows the construction of the test fixture
used to compare the contact region impedance of bonds formed with
several different materials. The bond itself consists of the
mating surfaces between a cylindrical fcot projecting from the

top bond block and the surface of ths lower Wond block. The two

e
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to the top bond block. The right hand end of Figure 3 is

bond biocks .ere held together by a vertical bolt which runs
through-both blocks but is insulated from them. By tightening
the bolt, the pressure on the contact region can be varied. The
two end blocks carry the input and output coaxial connectors as
wéll as the 50 ohm isolation resistors which are connected in
series with the center pins of the two coaxial connectors. The

ofher leads from the isolation resistors are attached by screws

AWM

permanently fastened to the polystyrene base plate and the
assembly is held together by the pressure exerted by the two
horizontal bolts pushing against the left hand end block. :

Using the test fixture of Figure 3, the variation of impe-

dance with frequency was measured for bonds formed with upper

and lowér bond blocks of steel, aluminum, and brass. A
reference bond, in which the upper and lower bond blocks were
machined from one solid piece of aluminum, was also ‘tested to
permit the identification of that portion of the measured bond
impedance which was due to the contact resistance and that portion
which was associated with the inherent resistance of the material
from which the bond blocks were formed.

The curves of Figure 4 show the measured variavion of bond
impedance with frequency of several test bonds as well as that
of the uluminum reference block. The impedance of the reference
block increases in proportion to frequency indicating that it acts
essentially as a pure reactance at all the Trequencies at which

tests were performed. Consequently, the low frequency flat portion

10
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of the impedance curves of the test bouds can be attributed

to the resistance of the contact region. Generally those

bonds involving at least one steel surface show higher impe-
dances thén those of brass or aluminum. This higher impedance
is caused both by a higher contact resistance and by the higher
inductancé of the bénd structure which results from the
perméability of the steel being considerably larger than that
of éither the aluminum or brass. These results are essentially
in conformance with those determined by other investigators

for similar bond configurations7.

Althéugh there is a considerable range of impedance
variation at low frequencies between the several different
materiasls tested, the impedance versus frequency character-
istics of Figure 4 all approach that of a purc reactance at
high freguencies. Since the test bonds were constructed in
such a manner as to minimize the inductance of the bond
structure, it seems likely that most practical bonds which
involve even & small length of bonding strap will have an
inductance that exceeds that of the test bond. Congegjuently,
it can be concluded from the curves of Figure U that at
frequencies above approximately 1 Miz, the overall impedance
of most practical bonding straps is set by the reaclance of
the bonding structure and that the effects c¢f small variations

in the resistance of the bond contact region are relatively

unimportant as long as nonlinear effects are not present,
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Tests were also run to determine the sensitivity of the
bond contact resistance to variations in contact pressure é%
frequencies where the contact resistance is a significant pért
of the bond impedance. The mannar in which contact pressure.
affected the contact resistance of test bonds formed of thrée
different materials is shown in Figure 5. The tests were
made at 50 KHz. This frequency is high enough to show any -
effects associated with the ac as opposed to the dc contact:
resistance, and it is still low enough tou insure that the

contact resistance of the bond being measured is considerably

larger than the indvctive reactance of the bond structure.
The torque values along the abc¢issa represent the torque applied
with a torque wrench to the vertical connzcting bolt which held
the bond assembly together. The curves indicate that torques
above about 40 in-1b produce relatively small rcductions in}
contact resistance. The contact resistance at low contact :
pressures wus found to be widely variable, with variations.iy
a factor of two or three being recorded-on repeated tests.{
This result is not ﬁnéxpecﬁeq since the area of contact at low
pressure is dependent on the raundom alignment of small hm-i
perfections in the two bond surfaces, and it is unlikely that
an identical alignment could be obtained when the bond

structure was dismantled and then reassembled for successive

tests. More consistent behavior wag observed at higher bond-
ing pressures where the slope of the resistance versus pressure

curve becomes relatively flat. Such behavior indicates that as
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long as cave is taken to apply a relatively firm pressure in
forming a bond, contact pressure should not be a significant

factor in controlling the overall bond impedance.

2.3 Bonding Impedance Equivalent Circuits

In order to calculate the behavior of the bonding
impedance of straps as used in a practical bonding situation
it is necessary to use an equivalent circuit which adequately
describes the physical situation in which the bonding strap is
being used.

An equivalent circuit of a bonding strap has been used by
other investigators8’9 to compute the reactance of bond straps
at high frequencies, but these studies generally have not in-
cluded the resonance effects produced by the combination of the
strap reactance and the reactance‘of the equipment being grounded.
A series of measurements were made with practical bonding straps
to obtain data on which to tase an equivalent circuit. Since
the original impedance measuring test fixture of Figure 3 was
difficult to attach to a conventional hond strap or to an
equipment cabinet, a new test fixture was constructed. The new
fixture was fabricated as a three terminal box with two BNC
terminals to provide connections for the signal source and the
detector. The third terminal, which provides for the cénnection
of the unknown impedance, was mounted on a corner of the box to
minimize the capacity hetween the device and the chassis or

cabinet being measured. When in use, the case of the test

15
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fixture is connected to the ground plane through the use of
threaded holes on the bottom of the test fixture. The positions
of the isolation snd matching recistors as well as the overall
construction of the device are shown in the photograph of Figure
6. A metallic shield which minimizes stray coupling between the
input and output terminais is also visible in the photograph.

In general, the accuracy of impedance measurement at high
freguencies is limited by the degree of coupling between Ll and
L2 of Figure 1. Other contributing factors are the shunt capacitance
between the isolation resistors Rl and Rz, and the lead inductance
inherent to the common path from the junction of Tay and Tas to

Z and from 2 to the junction of r,3 and Taye The effects of

c C
coupling between Ll and L2 and the shunt capacitance beiween Rl
and R2 vere minimized by shielding, and the common lead in-
ductance was reduced by making the junction of the series arms
of the "T" attenuator as physically close to Z as possible.
Nevertheless, in some of the measurements this inductance set
an upper frequency limit on the measurement of the magnitude of Z.

Using the test fixture of Figure 6, preliminary measurcments

were made on four different conductor types to determine the
impedance magnitudes tO be expected at high frequencies for
simple straight bonding straps. The conductors examined were
a copper strap, a tinned steszl strap, a rigid brass tubular strap,
and a braided copper strap. These particular straps were selected
as representative cf the types that might be encountered in practical

bonding situations. Figure 7 illustrates the results of the
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megsurements of the impedance of these four bonding straps. All

the straps show an impedance which is directly proportiocnal to
frequency, indicating that the straps act essentially as pure
inductances over the frequency range tested. The higher in-
ductance indicated for the tinned steel. strap results from the
fact that steel has & higher permeability than brass or copper.
When the test bond straps were used to connect a piece of
equipment to a ground plane, considerebly different behavior of

the impedance between the bond strap and the ground plane was

observed.
An example of the measured variation of bond impedance with

frequency at the bonding point of a typical ground strap and a
R-361 receiver cabinet is shown in Figure 8. The cabinret is
separated from the ground plane with a paper dielectric of
approximately C.004 inches in thickness. The length of the
ground strap is 2-3/4 inches. Below sbout 10 MHz, the im-

pedance behavior is governed by the strap inductance as evidenced

by the proportionality between impedance and frequency. Above
10 Mz ﬁhe impedance increases rapidly until a parallel resonance
between the strap inductance and the case to ground capacitance

cccurs around 21 MHz. The parallel resonance is followed by a

series resonance near 53 MHz. Measurements tp 200 MHz showed a

continued incresse in impedance. The maximum impedance mcasured

at parallel resonance was about 20 chms which is about the maximum

possible using 50 ohm isolatior resistors in the measurement

system. Since higher values were subsequently encountered, the

isolation resistors were increased to a value of 2200 ohms to
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permit the measurement of higher impedances.

If the bonding circuit consisted of simply the strap in-
ductances in parallel with the case shunt capacitance to ground,
then at frequencies above the resonant frequency of the combination,
the bonding impedance should decrease with increasing frequency.
In most of the measurements made with the insertion loss system,
the expected parallel resonance was followed by a series
resonance and subsequent increase in bonding impedance. Trans-
mission line effects are not responsible for this behavior since
the dimensions of the cabinet are only small fractions of a wave
length at the frequency at which the series resonance occurs. The
curves of Figure 9 show that the series resonant frequency shifts
when the length of bond strap is changed. The impedance versus
frequency characteristics shown in Figure 8 and Figure 9 can be
explained by associating a series inductance, Ih’ with the
measurement system. The equivalent circuit that results from
placing this irductance in series with the parallel circuit con-
taining the strap inductance and case capacitance is shown in
Figure 10. A brief analysis of the circuit of Figure 1C shows
the location of the parallel and series resonant freyguencies as
well as the variation of the series resonance frequency.

The input impedance, Z, of the circuit of Figure 10 is

JuL
. juC
2(Jw) = joL + L= )
B el +

Jug

wiich can be simplified to
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(8)

The parallel resonant freguency, ub’ is that frequency which makes

the denominator of the second term of (8) equal to zero. Therefore,

1
W == . (9)

P W/IC ]
Above the parallel resonant frequency the parailel combination of

L and C acts like an equivalent capacitive reactance. Writing

Z(jw) in a form which shows this equivalent capacitance results in

1
JuCeq

. (10)

Z(Jw) = JuL +

The series resonant freqguency, W > is that frequency which makes (10)

equal to zero. Therefore,

W, = . (11)

Now factoring out %-K) from the second term of (8) gives

1 2L
Z2(Jw) = JmLm + :ﬁ["—’_wZ_] . (12)
l - wlil
From (10) and (12) the equivalent capacitance is
2

1 - 1C
e~ 5 . (13)
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Substituting (13) in (11) and letting w = o gives

2 1
(Ds = L...n .
LmC - ""2_L
wS

Solving (14) for w, yields

7).

€q

From Equation (15), it can be seen that as L increases, the
equivalent series inductance, Leq’ increases which lowers the
series resonant frequency for a fixed value of Lb‘ The value
of L for the text fixture of Figure 6 was evaluated ty short
circuiting the test terminals of the fixsture with a very short,
wide copper bar. A set of insertion loss measurements were then
taken over a range of frequencies. These results indicate that
the values of Lh for the fixture with 50 ohm isolation resistors
is approximately 0.0032 phy.

Althou h the equivalent circuit of Figure 10 adequately
represents the behavior of the bonding impedance at the point
of connection between the strap and the equipment case, a
question arises as to0 whether or not the distributed inductance
of the equipment case is sufficienily high to cause the
impedance to the ground plane at points on the case removed from

the strap connection point to differ widely [rom that described

(15)
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by the equivalent circuit. Measurements were made on the receiver
cabinet at points other than at the junction of the ground strap
anG the cabinet in an effort to resoly: this question. Only a
small inerease in impedance due to effects of the case was observed.
This is iliustrated in Figure 1l by the slightly higher values of
impedance which were measured at increasing distances from the
junction of the bond strap and the equipment case. Figure 12

shows the position of the measurement points on the receiver cabinet.
Phese measurements indicate that the case inductance is not

a significant factor in establishing the overall bonding impedance,
and that the equivalent circuit of Figure 10 adequately represents
the impedance to ground at widely separated points on the equip-

ment case.

2.4 Correlation with Radiated Measurements

Although the insertion loss method permits & reasonably
accurate measu—ement of bonding impedarce; these impedance measure-
ments in themselves do not necessarily indicate the effectiveness
of a bonding strap in reducing the interference caused by case
pickup in an EM field. In order to obiain an indication of the
relationship between the impedance variations cn a cabinet as
measured by the insertion loss method and the rf voltages developed
at the same point due to an incident field, a series of radiated
field tests were made using the setup shown in Figure 13. No
attempt was made to generate any specific 7ield strength at any

R %35 . . . . .
particular point on +#2é cabinet since the basic premise underlying
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these tests was that the effectiveness of a bonding strap should
not be influenced by tﬁe actual magnitude of the radiated field.
Measurements were made of the induced voltage between the equipment
case and the ground plane hoth with and withcut the bond strap
connected. Changes in the induced voltage between the two con-
ditions of strap connected and strap not connected were taken as
an indication of the effectiveness of the bonding strap.

An initias problem encountered in the system of Figure 13 was
the rf pickup in the cables between the measurement point and the
NFIM (The Singer Co., Empire Model NF105) which was, at times, larger
than the casz pickup being measured. The effect of cable pickup
was minimized by using two cables between ..ie measurement point and
the NFIM. The center conductor of one cable was attached to the
Junction of the grounding strap and the receiver cabinet while the
center conductor of the other cable was connected to the ground
plane. The cable shields were connected together at thLe¢ ends near
the receiver cab. The cables were uniformly twisted and connected
to a hybrid junction near the N¥IM. 1Ideally, the voltage appearing
at the NFIM should be the difference between the voltage on the
center conductors at the desired measurement point. A series of
measurements were made over the frequency range of interest to
determine the residual voltage appearing at the NFIM due to im-
perfect cancellation of the cable pickup. The voltages were found
to be sufficiently below the levels obtained with the cabinet and
strap connected to the measuring leads to insure that no appreciable

error was introduced.

30
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Figures 14 and 15 show the effectiveness of two different

lengt.as of bonding straps for different spacings between the

cabine% and ground plane. The bond "Rffectiveness" indicates the

extent > voltage reduction due to the addition of a bonding
strap to the cabinet. The negative values mean that the in-
duced voltage was actually greater with the grounding strap
connected than with the strap disconnected. The frequencies
at which the bonding strap is least effective correspond
closely to the frequencies at which the impedance of the
case to ground is highest as measured by the insertion loss
method. Since tne level of induced voltage on equipment
cases is directly related to the bonding impedance, the
measurement of the bonding impedance between the various

equipments in a given installation and the ground plane. or

between the several equipments themselves, can be used to give

a direct indicati a1 of the bonding effectiveness.

2.5 Field Evaluation Technigues

The EMC field engineer who is faced with the problem

of evaluating the bonding characteristics of an installation

and the design engineer who is trying to estimate bonding require-

ments need a simple technigue to predict the effectiveness of a

particular bonding arrangement.

Since the final proof oi the effectiveness of any bonding
scheme is the extent to which it reduces the p~lential difference

between elements of the system, bonding effectiveness can best be
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verified in an actual installation.
An arrangement which permits a rapid evaluatior. of the bonding

impadance in a field installation is shown in the block diagram of
Figure 16. The basic technique used is the insertion loss measure~-
ment system. With the addition of a sweep frequency signal source
and g wideband detector system, the bonding impedance can be plotted
automatically over a wide frequency range. The photograph of Figure
17 shows the equipment used in the sweep measurirz system. The Telonic
model SM 2000 sweep generator and Kay Electric model 1025B amplifiev
are used in conjunction with the test fixture of Figure 6 and a
Tektronix model 561 oscilloscope to give a continuous display of the
frequency characteristics of the impedance being tested. The
oscilloscope display is especilally qseful since the continuous dis-
play permits changes in the impedance in the bonding system to be
observed as they take place. For example, the photographs of Figure
18 show the oscilloscope display of the impedance between the cases
of a transmitter and receiver in a rack. The vertical scale is calibrated
in ohms and the freguency range of the horizontal axis is approximately
0 to 200 MHz. The fregquency markers on the display are spaced 50 MHz
apart. Figure 15(a) shows the measured impedance versus frequency with
the two equipments tightly bolted in the rack. The addition of a 3 inch
long braided strap between the rear of the twod cases produces a shift of
the impedance peaks to higher frequencies as shown in Figure 18(t).
Figure 18(c) shows the effect of loosening the screws holding

the upper case to the rack so that the rear of the upper case makes

34
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Impedance Characteristics of Rack Mounted Equipment.
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a8 continuous contact with the lower case. The resulting reduction

in the magnitude of the impedance points out the possible need of

some form of conductive gasket at the rear of the two cases to pro-

vide a continuous low inductance connecticn between them.
The use of the sweep system to display the impedance to ground

of the case of an R-361 receiver connected to ground by & 9 inch

braided strep is shown in Figure 19(a). The large impedance peak
occurs at the parallel resonance of the case to ground capacitance
and th» bond strap.

The sweep frequency measurement system may also be used to

evaluate the performance of indi idual cumponents over a wide .requency

s range. For example, the effecis of lead inductance on the overall
impedance of a typical 1/2 watt resistor in Figice 19(b).

The range over which & capacitor acts as an effective bypass

AR

for interfering signals can be quickly determined with the sweep
system. Figure 19(c) shows the impedance versus frequency character-

istic of a 51 pf capacitor with 1-1/2 inch long leads. The series

resonance of the capacitor and its lead inductance occurs at approximately
90 MHz. Above this f-equency the reactance of the capacitor increases
ant. i’s effectivzness as a bypass for interference is impaired.

in some instances the equipment require® to mecke detailed
imvedance measurements is not available at a field site. In such
circamstance: an estimate uf the resonant frequency of the hond
system can be obtained by means of a simple grid dip meter. The

meter can be coupled to a bonding strap or other convenient point
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in the system and the resonant frequencies noted. Some idea of the
relative impedance magnitudes at the resonant peaks can be gained
from the sharpness of the resonancc indications on the meter since
sharp indications generally correspond tc high Q's and, consequently,
to high impedances.

If no grid dip meter is available, an estimate of the resonant
frequency of the bonding system can be made by calculating the strap
inductance frem handbook formu;aslo and estimating the capacitance
of the system Irom the dimensicns and spacing of the equipments.

Whenever possible an effort should be made to place the resonant
frequency of the bonding system as far as possible from the frequencies
at whizh emiessions from nearby equipments are known to exist. When
no such detailed knowledge is availaole, a good criterion tc use is
10 make the resonant frequency of the grounding system as righ as
possible since this condition corresponds, in general, to minimum

strap inductance.

2.6 Reduction of Bonding Impedance

It has been established that the reactance of the bonding
members and their connecting leads are the primary factors in
determining the bond impedance at high fregquencies. Consequently,
an; scheme for reduciag the bond impedance must, in effect, reduce
the magaitude of this reactance either by modifying the equivalent
circuit of the bonding structure or hy rearranging the bonding

geometry.

Lo
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2.6.1 Low Pass Filtering

Bonding impedance specifications are usually stated
in fterms of a maximum permissible impedance that must not be exceeded
over some specified frequency range. For example, MIL-B-SO8TA requires
that the bonding impedance must be less than 80 milliohms at all
frequen~ies below 20 MHz.
In general, for a simple bonding strap, the maximu@ permissible
inductance, Lh’ which will keep the bonding impedance less than some

fixed amount, Zm’ for all frequencies below some specified, fh’ is

2y
Ly = oxe y (16)
h
Yhe values given in MIL-B-5087A for Zm and f, are z = 80 x 10'39
and fh =2 X 10( Hz. Consequently,
x -3
L = ——E’Q—-x—li’—,-( = 6.4 x 10719 uy. (17)
2nx 2x 10

For a round conductor, the inductance is related to the physical

dimensions bylo

L = 0.00508 (2.303 log, 2—2 - 1) ph, (18)

where
2 is the length in inches, and

d is the diameter in inches.

Ly
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Assuming a length of L inch, the diameter required to meet MII.-
B-5087A is 1.3 inches which is an impractical size for most
applications. Since the inductance of most practical bond streps
far sxceeds the value given by (17) it is not generally possible
to maintain the bonding impedance within the specifications of
MIL-B-5087A. However, by connecting a suitable capacitive
reactance in series with the bonding strap, the bonding impedance
over some narrow frequency range may be reduced as iilustrated

in Figure 20. The high impedance of the capacitor at low fre-
quencies makes the use of a series capacitor unacceptable for
many applications. A shunting resistor across the capacitor

can overcome the difficulty at low frequencies without seriously
impairing the high frequency performancc. The impedance variation
of such an arrangement is shown in Figure 21. Since the

reactance of the capscitcor is infinite at dc and the reactance of
the strar is zeroat de, the low frequency magnitude of the
bonding impedance is determined by the value cf the shunt resistor.
At high frequencies, the capacitor effectively short circuits

the resistor and the bonding impedance approximates that of a
series IC circuat. The impedance of the RLC network of Tigure

21 is

R

Zp bt TiGER

(18)

which can be expanded to give
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§  CELOW THIS FREQUENCY

Zm ————————— . - =

SPFCIFICATION
LIMIT

- e e e o e
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Figure 20. Reactance of a Bonding Strap and Capacitor in Series.
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Making the substitutions

=)

1]

¢}
P

and

gives

3
1 0}
Z,=R{ —F5= 1+ 5K - — + = . (20)
B 1+ Kam 2 * wg
=4

w
o}

In order to meet the specification of a maximum impedance of 80
milliohms at frequencies below 20 MHz, the value of R is chosen
to be 80 milliohms. The resulting variation of ]ZBI with in-
creasing freguency as .. function of the parameter K is shown
in Figure 22. The frequency variation of "he reactancc of the
bonding strap alone (dashed curve) is shown also to facilitate
the comparison of the strap reactvance with the magnitude of the
impedance of tne strap and RC network. The curves are shown
for four RIC networks, all of which have a lower impedance than

that of the sirap by itself over significant proportions of the

L4y

et b= gk S ’:'i”'—ierp;;;f—;;f::%
- - - - = =T e

q-wmmn PR




v

! [ T .
& L —— T T T L o E LIRS VST T ok [
s T T 1 )

-

A
AT oo S P .5 S LA AT AT

BB sempmmemsmr s +

*) IO sanTep SNOTIBA JOF ISATTJd M-3UBlsuo) B JO UOTFETIB) adouspadw] palyBInOTe)

ZHW NI AIN3Nb3IN4
000t 00§ 002 001 0S 02 01

M)
" by g ghr iR

g

f

*g2 2andtg

T ]

{ | |

FATERTE TN B 2 s

A e u..-ﬁ”é.ﬁr, Eﬁ:.: Fyptaah ekl bl o it W
Wbl sioheadiiiic: plotdantii

SWHO NI |Z!

' b 2 )
f
sugregian PR o .E:S, MR )

:

45




i

e ST NG R 3‘:;% :

— ko e e PN e e iy - - - — . x,

frequency range under 20 MHz. For example, the impedance of the

network for K = 3 is lower than that of the strap at all frequencies

above approximately 4.5 MHz. An initial laboratory test was made .
on an actual RIC network to verify the results indicated in

Figure 22. The measurements were made on a network consisting of

a copper bonding strap 11l in. long and 3/8 in. wide along with

an appropriate resistance and capacitance. The component values

as well as the results of the measurements are shown in Figure 23.

= g These results are in good agreement with those expected from

Equation (20).

U
Ol

When a constant-K filter is placed in the bonding path,

x the chassis-to-ground capacitance medifies the equivalent bonding

cirenit in the manner shown in Figure 24. Figure 25 shows the cal-

¥
o
iy
.
N ]
R BRI kR

culated variation in bonding impedance as a function of frequency
of the modified circuit for various relative values of the chassis-
to-ground cepacitance and a constant-K filter of K = 2. Figure

26 shows the measured results of incorporating two different

constant-K filter sections into a typical bonding system to
reduce the magnitude of the bonding impedance. Curve A illustrates
the impedance behavior of the strap tetween the cabinet and ground
plane, while curves B and C show how the performance obtained with
the addition of each of the filter sections. The curves indicate
that some smoothing of resonance effects can be achieved at the
expense of a higher dc impedance level, i.e., larger K.

An effort was made to reduce any strap inductance associated

with the R and C used in obtaining the data of Figure 26 by constructing

L6




$oo

L O “« . . oy herms ek e

TR TR SR tttien ommmm i PETRATRIAS £ © % 0 G < E ot RISE ARl S A ST Ty IR RN NG

N e

~

—

=

[} .
=

(V]

*X9YTTJ HY-3UBISUO) B I0J 9ouspadwll Fuipuog JO UOTFBIIRA PO.INSBA) °*£Z oiudTg

ZHW NI ADNINDIY A
g'e o€ 52 0°2 1 01 5°0 0
T I T T T 7% O

|

G0

0°1

by

L

't

62900 N} =0
( M2 ,7 AW

7 40JINGNI

HST°0

T
;
i

et o et g g o

[FOT— . - . . [ e
L T e —




3 ‘

MR St

He L HL

™ ed

¥R

Ty 0t

5, o

R SRR T

\
b
[

ad
yll\:’l
1

AL
(%]

T s A S B T O S O

f
i

Wi

%

o b
R
PRSI
. .

Figure 2",

| L

—te - R
T -

°

L_: BONDING STRAP INDUCTANCE

S

Cp: CHASSIS-TO-GROUND SHUNT CAPACITY

R,C: ELEMENTS OF CONSTANT-K FILTER

Equivalent Circuit of the Constant-K Bonding Filter Including
the Shunt Capacity from Case to Ground.
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a capacitor which had distributed shunt resistance incorporated into
the structure of the capacitor. The capacitor was coustructed by
sandwiching a thin sheet of dielectric between a rectangular conduct-
ing plate and the ground ylane. The size of the rectangular capacitance
plate was selected to give a capacitance which was equal to the
capacitance between the cabinet and ground plane. The distributed
resistance was realized by rainting along the edge of the capacitor
with a resistive materiai consisting of a collcidal suspension of
conducting particles. The bonding strap wes attached to the top plate
of the capacitor. In Fijure 27, the normal resonarnce curve for the-
strap inductance and shunt capacitance between case and ground is
shown. Firsi » a commercial resistor of 33 ohms was placed in parallel
with the laboratgofy-constructed capacitor. Then this resistor was
replaced with one made as described above. The results were similar
for both resistors. Wext a custom made resistcr of smaller resistance
vas evaluated: The impedance level at low frequencies decreased and
the resonant peak was at about the same impedance maximum as for the
33 ohm resistors. The resalts are quité similar to those of Figure 26 and
indicate that the use of hbofatory constructed R and C ele;:xenf;’ gii"es
no substantial advantage over the use of -commercial components.

From Figurs 25, the ratio CP/C = 1.0 appears to be the minimum
necessary to provide the most uniform bonding impedance over the
frequéncy range up to 20 MHz. Table I summarizes the various values

of resistance, inductance and capacitance that asre necessary to meet
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the requirements of a constant-K filter and a ratio CP/C = 1.0, simultaneously.
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TABLE 1

" COMPONENT VALUES FOR CONSTANT-K FILTER FOR CP/C = 1.0

11 1
Resistance Long Strap (£ ~ 10") Short Strap (L ~ 1")

K _in ohms L=1.5x10 H. L=1.5x 100§,
1 R=0.08 C = 23.4 uF 2.34 uF

1 R=27.k% C =200 pF

2 R=55.8 C = 200 pF

1 R=19.k ¢ = koo pF T

2 R=38.8 C = boo pF

1 R=8.66 C = 200 pF

1 R=6.22 C = koo pF

3
Impedance level specified by MIL-B-5087A.
+For spacing between R-361 receiver case and ground plax;e of 1/14 inches.

~HLR-361 receiver case separated from ground plane by 1/2 inch spacers.’

Selected values of inductance and capacitance which are representative
of practical situations are examined. The resistance and capacitance
values tabulated inl '.l?a.bfl.e~ I cmphasize the practical boundaries: whi‘.ch‘v
limit the incorporation of a typical bonding strap inté a consfant‘:-K -
filter. If the specified maximum dc resistance level of MIL-B-5087A

is satisfied, then unrealistic capacitance values are required. If

typical capacitance values are utilized, then higher impedance ievels

result.
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Other filter configurations, such as a three-pole Butterworth,
also result in similar conflictu- between reascnable component

values and large impedance levels. For example, Figure 28 shows

two Butterworth filﬁers: one is designed- on the basis of an 80
milliohm impedance level; and ‘the other is desiéned around a
typicaI—chassis-fo-ground capacitance. Each filter has a 20 MHz
cuteff frequency. As in the case of the constant-K filter practical

values of capacitance are obtained only when the impedance level

"of the filter is high with respect to 80 milliohms. Conseguently,

the practical application of the filter technique is limited.

2.6.2 Conductor Length Reduction

One logical step for minimizing the bonding impe-
dance between two members is to make the bonding connection
és’short”as>possible. The 1limits of this approach are attained
when -theé members are in metal-to-metal contact assured by welding
or another siwjlar bonding scheme. Nevertheless, even very short
bonding paths between members of the bonding system zan often re-
sult in impedances which fail to mect the specifications of MIL-
B-5087A. To illustrate this point, the cabinet of a receiver,
R-361/GR, was supported on 8-32 screws at 3/8 in. and 1/2 in.
above the ground plane. Fignre 29 shows the impedance levels
measured under both circumstances. The minimum impedance st 20 MHz
is 2 ohms. A long strap, 9-1/2 in. in length, was attached between

the cabinet and ground plane with no difference noted in the

impedance.

PN XYOVIIS




sob

o8

&

)

*Louanbaxy Iroq

. Pt "

4 36 yosmd § botiag WE

4dooz

44002

S
IN-OH X 9E°9

LT o B o ot S RN N e

ZHA 02 ® I0F paudTseq SIo4TTJ YIIOMIDL4NG ony, @ sandtg

st

S,
ot
v

iz

N

St

. ¢

cwo.omm M0 ELIY

:m-oH X [2°1

R e RS—

55




*suoTgoauuo) Jurpucg 2IOYS JO §998 OMJ, XOF SUOT}BTIBA oouwpaduy Buivuogy 62 oIndid

ZHW NI AON3ND3Y4
0001 001 01 1 1°0
T L L L |8 20 2 T T

1'0

1

SWHO NI |Z|

PLLLL f 1

9NOT w8/€ ‘SMIYIS 2€-8 & o1
ONOT w2/T ‘SMIYIS 2€-8 %
SYIVvdS

bt g ot %0 T LW & TR




i

i 11*‘ {7“ [T ——

o ATIIE BN SRSy ¢ PR MukSas e b 3 PXE

2.6.3 Conductor Paralleling

Another direct means of reducing the inductance of
the bonding path is by using several streps in parallel. The
effects of additional bonding straps in parallel vere examined by
separating the cebinet and ground plane with l/h in. ceramic
spacers. Several lengths of bond strap in parallel were used
to connect the cabinet to the ground plane. Figure 30 shows
that ' .e impedance at a particular frequency can be reduced
by inereasing the number of parallel paths to ground but that
the large peak of impedance is still present. In many instances,
the maintenance of the impedance peak after adding additionel -
straps in parallel may bc gquite acceptable since the parallel
resonant freguency of the case capacitance and tﬁe bonding 7
inductance can be shifted to a frequency range where the impe-

dance peak is not cobjectionable.

2.6.4 Resonant Impedance Reduction

In practical installstions, situations will arise
in which the optimum adjustment of inductance and-.capacitance
between members of the system will not be possible. In view
of this expectation, investigation was directed into the
possibilities ~f decreasing the par;llel resonant impedancé~by
degrading the Q of the bondi nductor, the case-to-case
capacitance, or both. As & first step, the bonding strap was
given a lossy coating of .collodial solution of graphite which

¥*
is 5014 uw:iier the trade name of Aquadag.

* Acheson Colloids Company, Port Huron, Michigan
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Next, the bottom of the cabinet wae given a coating. Finally, the
ground plane was coated in the area beneath the cabinet. Figure 31
shows the impedance values which were measured follo-ing each of
these steps. The lossy coating does lower the @, but phe extent of
the reduction is not sufficient to be useful. A direct method to
reduce the Q of the resonant cireuit is the insertion of a resistance
in series with the strap. The effect of adding a 22 ohm resistor in

series with the strap is evident in Figure 32.

2.6.5 Active Devices

The use of an active device to produce a negative
inductance which could be used to effectively cancel the inductance
associated with the bonding strap was investigated. A short circuit
stable device which was inserted in series with an inductance worked
well enough to verify the approach but only at impedance levels
higher than those @esired in & bonding network. The principle
obstacle at the présent time is the realization of ar. active device
whose inherent impedance is low enough to permit the cancellation.
of reactances as small as those associated with a conventional:

bonding strap.
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3. Conclusions and Recommzndations

When equipments are tied together by a bonding structure in
an effort to place them in a common rf potential, the bonding im-
pedance between these equipments at high frequencies is determined
primarily by the reactance of the bonding structure. The inductive
- reactance exhibited by such structures can parallel resonate with
stray capacitances associated with the eciipments being bonded to
produce large peaks in the magnitudc of the bonding impedance.

These peaks can often occur in the lower portions of the hf range.

The results of radiated susceptibility measurements have shown

that good correlation exists between the frequency locations and

magnitudes of these impedance peaks and the frequency locations

and magnitudes of the maxima in the induced rf voltages due

- to incident fields on equipment structures.
The magnitude of bonding impedances can be accurately determined
by the use of an insertion loss method. Using commercially avail-

able eguipment in conjunction with simple test fixtures, the insertion

loss measurement can be readily adapted to a sweep frequency

gt

technique which gives a continuous visual display of bonding
impedance over a wide frequency range. The simplicity o. the measure-
ment procedure vermits use of the technique under either laboratory
or fiéld conditions. A particularly desirable feature of the

system is that the effects of a modificatirn of a bonding

configuration are immediately evident and do not require extensive

personnel time. For example, the engineer who is trying to improve
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a bond strap network to reduce case related interference can see

the effects of changes as they are made. The engineer can, therefore,

devote more of his time to corrective action rather than to meticulous

and time consuming point-by-point meusurements. The system is also g
adaptable to the evaluation of components, such as resistors and %
capacitors, in terms of their rf impedunce behavior. g
When measurements of the bonding impedance magnitudes in an ;;
equipment installation have shown these impedances to be unacceptabiy §'< :;
high, several techniques are availabl? vhich can reduce or modifxr § "i4
the impedance variation with frequency in such a manner that, in § =
3 :
the frequency ranges where interfering signals occur, a reduction g‘ o
in impedance is obtained. These techniques include rescnating bond- § 1?1?
ing straps with series capacitors, incorporating the reactance of § é'
bond straps in low pass structures, the use of multiple straps in gﬂf
§:§

parallel and the use of series resistance with & bond ctrap to

lower their Q. In general, the most effective method is the use of

R

parallel straps since this method lowers the overall inductance of
the bonding structure. However, this lower indunctance can, in some

instances, shift the frequercy position of an impedance peak to an

undesired location. Consequently, the effect of additional straps,
as well as the application of any other impedance reduction
technique, should be evaluated over the entire frequency range of

interest to determine its true effectiveness. Such evaluations can

easily be made with the sweep frequency insertion loss measuring

equipmeﬁt.

g o
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